Purpose: Amide-proton transfer (APT) and amine-water proton exchange (APEX) MRI can be viable to map pH-decreasing ischemic regions. However, their exact contributions are unclear. Methods: We measured APEX-and APT-weighted magnetization transfer ratio asymmetry (denoted as APEXw and APTw), apparent diffusion coefficient, T 2 , and T 1 images and localized proton spectra in rats with permanent middle cerebral artery occlusion at 9.4 T. Phantoms and theoretical studies were also performed.
INTRODUCTION
Magnetic resonance imaging (MRI) has become one of the most useful imaging techniques in acute brain ischemia for accurate diagnosis, evaluating disease progression, therapeutic decision making, and monitoring treatment response. Many modalities, such as diffusion, perfusion, and T 1 -and T 2 -weighted MRI, have been applied in ischemia studies to probe different aspects of physiological information. However, MRI techniques are still under development in several important aspects of ischemia diagnosis, such as the detection of penumbra and determination of the onset time of ischemia.
It has been reported that chemical exchange (CE)-dependent contrasts such as the amide-proton transfer (APT)-weighted magnetization transfer (MT) ratio asymmetry (MTR asym ) (denoted as APTw) and the on-resonance T 1 r, the spin-lattice relaxation time in the rotating frame, may offer unique information about ischemic tissue microenvironment, thus complementing conventional contrasts, such as diffusion and perfusion. The APTw signal is based on the slow proton exchange between water and the backbone amide protons of proteins and peptides with rates around 10-30 s À1 and is sensitive to tissue acidification as well as protein concentrations (1) . APTw has been proposed as a potential biomarker for the ischemic penumbra; however, the in vivo sensitivity is relatively low being only 1-3% of the fully relaxed water signal (2) . On-resonance spin locking (SL) is another CE-sensitive technique that has been reported as a sensitive biomarker of early ischemia (3, 4) . The quantitative change of ischemic T 1 r showed strong time dependence and may be able to indicate the onset time of stroke (5) . Unfortunately, large SL pulse power, i.e., B 1 !0.5 G, is necessary for the detection of T 1 r change, which may severely limit its application. On-resonance T 1 r is nonspecific and has contributions from all exchangeable protons as well as other molecular relaxation mechanisms. Recently, we have reported that the amine-water proton exchange (APEX)-weighted MTR asym signal (APEXw) may be explored as a potential sensitive biomarker of stroke (6) . APEXw probes the CE of the relatively fast exchanging amine protons, based on an off-resonance SL technique. Off-resonance SL is similar to the widely used CE saturation transfer (CEST) technique (7) but with a higher sensitivity than CEST when the angle between the effective field of the saturation pulse in the rotating frame, and the B 0 field becomes large (8) . Compared to the on-resonance SL, the off-resonance SL can achieve similar effective SL field at much smaller B 1 (e.g., $0.1 G), and the asymmetry analysis can greatly reduce the contribution from non-CE relaxations. In our initial ischemia studies, the APEXw contrast showed enhanced sensitivity compared to the APTw, and different spatiotemporal characteristics from APTw and apparent diffusion coefficient (ADC), suggesting that the APEXw and the APTw contrasts have different physiological origins.
In this study, we carried out multiparametric MRI and magnetic resonance spectroscopy (MRS) studies in rats with permanent middle cerebral artery occlusion (MCAO) to further investigate the physiological sources and sensitivities of the APTw and APEXw contrasts. ADC, T 2 , T 1 , APTw, and APEXw signals and metabolite concentrations were repeatedly measured within 4.5 h after the onset of MCAO. To better understand the sources of the in vivo APEXw and APTw contrasts, the APEXw and APTw signals were also measured in phantoms of metabolite and protein solutions under physiological pH values, and theoretical analyses of the APEXw and APTw signals were performed with a twopool exchange model. Throughout the article, APEXw and APTw will be used to denote the MTR asym measured using the pulse sequences described later, even if the sample contains no amine or amide protons.
METHODS
All animal and phantom experiments were performed on a 9.4 T magnet equipped with an actively shielded 12-cm gradient system (Magnex, UK), interfaced to a Unity INOVA (Varian, Palo Alto, CA) or DirectDrive 2 console (Agilent, Santa Clara, CA). Detunable volume excitation (6.4-cm diameter) and surface receiver coils (2.2-cm diameter) (Nova Medical, MA) were used for animal studies, while a 3.8-cm ID quadrature volume coil (Rapid Biomedical, OH) was used for phantom studies. All images were obtained with a spin-echo echo planar imaging (EPI) sequence.
Animal Experiments

Animal Preparation
Sixteen male Sprague-Dawley rats weighing 280-410 g were studied with approval by the Institutional Animal Care and Use Committee at the University of Pittsburgh. The animals were anesthetized with isoflurane (5% for induction and 2% during surgery) in a mixture of O 2 and air gases with the O 2 concentration kept at 30% throughout the experiment. The right femoral vein and artery were catheterized to deliver pancuronium bromide (0.2 mg/kg/h) and maintenance fluid and to monitor the arterial blood pressure, respectively. After catheterization, MCAO was carried out to induce permanent ischemia in the left hemisphere (9) . Briefly, an incision was made on the midline of the neck. The left common carotid artery, internal carotid artery, and external carotid artery were isolated and common carotid artery and external carotid artery ligated. A 4-0 monofilament nylon suture coated with silicon rubber (Doccol Corp., CA) was inserted from the external carotid artery into the internal carotid artery to occlude the origin of the middle cerebral artery. After surgery, the isoflurane level was reduced to 1.3-1.5% during MRI scans. The dynamic blood pressure and end-tidal CO 2 were monitored. End-tidal CO 2 level was kept within 3.0-4.0%, and the rectal temperature was maintained at 37.260. 5 C using a feedback-controlled heating pad (Digi-Sense Temperature Controller R/S, Cole-Parmer, IL).
Animal MR Experiments
ADC, APEXw, and APTw maps, R 2 , and R 1 maps, and water-suppressed localized proton spectra were repeatedly measured between 30 min and $5 h after the onset of MCAO. Among the 16 animals studied, one animal had ischemia on both hemispheres and was excluded from further data analysis. ADC and APEXw maps were measured in the remaining 15 rats, whereas APTw, R 2 map, R 1 map, and proton spectra were measured in 10, 6, 5, and 10 rats, respectively. Common imaging parameters were field of view¼3.2 Â 3.2 cm 2 , slice thickness¼2 mm, in-plane matrix¼64 Â 64, and the number of consecutive slices without gap¼4.
Conventional MRI experiments. ADC maps were obtained using a diffusion-weighted spin-echo EPI sequence, with a low b value of 5 s/mm 2 applied along one axis, and a high b value of 1200 s/mm 2 applied along six different directions. Echo time (TE)/pulse repetition time (TR)¼40/2800 ms, and number of averages (NEX)¼8. Images with the six high b values were averaged together. Then, ADC was calculated as T 2 -weighted images were measured with a double spinecho EPI sequence with 6 TE values between 28 and 72 ms, TR¼12 s, and NEX¼3. R 2 maps were calculated from nonlinear least-square fitting of a single exponential decay to the image intensity versus TE plots. T 1 -weighted images were measured with an inversion-recovery sequence. Fifteen inversion times (TI) between 10 ms and 10 s were used, and a 10-s delay was inserted between EPI acquisition and the following inversion pulse to allow complete relaxation of longitudinal magnetization. To obtain R 1 maps, k-space data were subtracted by the data at the longest TI for obtaining unipolar data and then Fourier transformed to the image space (10) . The image intensity versus TI data was fitted by s TI ð Þ ¼ a þ c Á exp ÀR 1 TI ð Þ , where a and c are constants.
CE-sensitive MRI experiments. The APEXw images
were measured with an off-resonance SL sequence (6) . Parameters of the SL pulse were: 150-ms square pulse, 500-Hz irradiation power, and 2.5-ppm (amine frequency), À2.5-ppm (reference frequency), or 300-ppm (control frequency) frequency offset relative to the water proton resonance with respective NEX¼30, 20, and 3. Although amine protons from most amino acids and proteins peak at 2.8-3 ppm (7), 2.5 ppm was empirically chosen from our preliminary studies for maximizing the APEXw signal at normal brain cortex with a relatively short SL pulse duration. Based on previous theoretical results, the optimal SL duration for a fixed B 1 is approximately proportional to 1/sin 2 h, which decreases at smaller frequency offset, where h is the angle between the effective SL field and B 0 (6) . TE/TR¼28/6300 ms. APEXw maps were calculated from the SL scans as APEXw¼SLR asym ¼(S À2.5ppm ÀS 2.5ppm )/S 300ppm , where subscripts indicate off-resonance irradiation frequencies.
APTw maps were measured following magnetization preparation with an off-resonance continuous wave pulse. Parameters of the continuous-wave pulses were: 3-s duration, 63-Hz irradiation power, 3.5 ppm (amide frequency), À3.5 ppm (reference frequency), and 300 ppm (control frequency) offset relative to the water proton resonance with respective NEX¼12, 11, and 4. Following each slice acquisition, a 240-ms square pulse with the same B 1 and offset was applied to approximately compensate for longitudinal relaxation during multislice imaging (11) . The duration of the compensating pulse was empirically determined to maintain similar APT-weighted MTR asym values at the cortex area between different slices. TE/TR 5 28/7600 ms. APTw maps were calculated as APTw¼MTR asym ¼(S À3.5ppm À S 3.5ppm )/S 300ppm .
Localized proton spectroscopy. Water-suppressed localized 1 H spectra were measured with a short-TE localized stimulated-echo acquisition mode (STEAM) sequence (12) . The pulse widths of the three asymmetric 90 radiofrequency (RF) pulses were 1.26, 1, and 1 ms, which correspond to an excitation spectral width of 5.4, 6.8, and 6.8 kHz, respectively. The frequency of the RF pulses was set roughly at the middle (2.85 ppm) of the interested frequency range of 1.3-4.0 ppm. Parameters were TE/TR¼4/3000 ms, NEX¼256, readout spectral width¼4000 Hz, number of complex data points¼2048, and the voxel size ¼ 3 Â 3 Â 3 mm 3 . Spectra were obtained from two regions: one ischemic region determined from the first ADC map obtained after MCAO and the other control region in the contralateral hemisphere. Ischemic spectra were acquired about hourly, and the control spectrum was measured $5 h after MCAO onset. Before obtaining localized spectra, first-and secondorder shimming were performed by the FASTMAP technique (13) , resulting in the unsuppressed water line width of typically 12-16 Hz. Unsuppressed water spectrum was also acquired in the same voxels with NEX¼6 for quantification. Four dummy scans were added to the beginning of both the water-suppressed and unsuppressed scans to ensure steady-state during acquisition.
To quantify metabolite concentrations, a macromolecule spectrum was measured in one rat starting 5 h after MCAO onset in a voxel of 4 Â 4 Â 4 mm 3 centered roughly at the lesion center. All parameters were the same except for TR of 4 s. To null the metabolite signals, an adiabatic inversion pulse was applied at the beginning of the sequence (14) , and TI of 0.95 s was used, at which time the metabolite signals were mostly nulled, whereas the macromolecule magnetization was positive due to its much shorter T 1 .
For each animal, all spectra on the lesion side were separated into three 80-min-period groups according to their acquisition times relative to the ischemia onset: 30-110 min, 110-190 min, and 190-270 min. Spectra within the same group were averaged together after phase correction for each spectrum. The spectroscopy data were analyzed with LCModel (15) implemented in MATLAB (Mathworks, MA). Apodization was not applied to the signal. The model spectra of the nine metabolites were simulated using the density matrix approach. The details of the simulation method are given in the Appendix. The steady-state signal intensities of the water and metabolites measured at TR¼3 s were converted to the fully relaxed signal intensities at TE¼0 and TR >> T 1 using relaxation times of water and metabolite protons: water T 1 measured in the same time window, metabolite T 1 of 1.4 s at 9.4 T (14), water T 2 of 38 ms (16, 17) , and metabolite T 2 of 144 ms for carbon-bound protons at 9.4 T (14). Due to the short TE value used, the small difference between the T 2 values on the lesion and contralateral sides is negligible for the quantification purpose. The first time point for Fourier transform of the time domain signal was carefully determined, so that no linear phase correction was needed. Nine simulated metabolite spectra glutamate (Glu), glutamine (Gln), gamma aminobutyric acid (GABA), N-acetylaspartate (NAA), lactate (Lac), creatine (Cr), phosphorylcholine (PCho), taurine (Tau), myo-Inositol (Ins), and the measured macromolecule spectrum were used as the basis set in the fitting. Because the peaks of Cr and phosphocreatine (PCr) were not well resolved in most cases, model spectrum for PCr was not included and the resulting Cr concentration thus represented that of total creatine (tCr). The metabolite concentration (in mol/g tissue) was obtained from the ratio (r) between the area under a bestfit metabolite spectrum in LCModel and that under the unsuppressed water spectrum as ¼ rf w g w =n, where n is the number of observable protons in the metabolite molecule, f w is the tissue water content (weight fraction), and g w ¼0.111 mol/g is the proton concentration in water. f w was assumed to be 77 and 79% on the contralateral and lesion sides, respectively (18) .
Time Courses and Statistical Analyses
Regions of interest (ROIs) in two adjacent imaging slices were defined on the lesion and contralateral hemispheres to include all voxels in the EPI images matched with the corresponding STEAM voxels. In the five animals without spectroscopy data, ROIs were defined in a manner similar to choosing the STEAM voxels. As the B 0 inhomogeneity is very small within ROI (mean deviation 8-20 Hz), no correction of B 0 is necessary for our APTw and APEXw images. ROI-averaged ADC, R 2 , R 1 , APEXw, and APTw values were calculated. If multiple measurements were performed for each parameter within the same period of 30-110 min, 110-190 min, or 190-270 min, their results were averaged. To generate the group-averaged time courses of metabolite concentrations, the LCModel results for each metabolite (except for Lac and Gln) in each rat were included only if its Cramer-Rao lower bounds (CRLBs) for all three periods on the lesion side and on the contralateral side were less than 25%. For Lac, the inclusion criterion was CRLBs less than 25% for all three spectra on the lesion side, as the quantification of its concentration on the contralateral side is often unreliable (CRLB>25% for 7 out of 10 rats). The quantification of Gln was also unreliable in 25 out of the 40 cases due to the overlap of its peaks with those of Glu at 2.1 and 3.75 ppm, and its inclusion criterion was CRLB<25% in either the lesion or the contralateral side for each animal.
To evaluate the significance of imaging contrasts, paired t-tests were performed comparing the ROI-averaged data of the first period on the lesion and contralateral sides and also comparing the data averaged over the three periods on the lesion and contralateral sides. Similarly, to evaluate significance of metabolite concentration differences between the two hemispheres, paired t-tests were performed comparing the concentrations of the first period on the lesion side and the concentrations on the contralateral side and also comparing the concentrations averaged over the three periods on the lesion side and the concentrations on the contralateral side. P values less than 0.05 after Bonferroni correction were considered significant. Further, significant time-dependent changes were evaluated by performing one-way analysis of variance (ANOVA) tests for differences of the metabolite concentrations and ROI-averaged imaging values among the three periods on the lesion side. For tests that gave P less than 0.01, paired t-tests were further carried out for comparing the first data point with the second and the third data points, and P values less than 0.05 were considered significant.
APEXw and APTw Measurements in Phantoms Preparation
As the exchangeable amine group exists in metabolites as well as in proteins, two sets of phantoms, metabolites, and proteins, were measured at two pH values of 7.0 and 6.5. The intracellular pH is close to 7.0 under normal physiological conditions, whereas pH in ischemic brain regions was estimated to be 6.5260.32 (1) . For metabolite phantoms, 1Â phosphate-buffered saline solutions (contains 10 mM phosphate) of 20 mM Glu, 20 mM Tau, 20 mM GABA, 20 mM Gln, 10 mM Cr and PCr each, and 10 mM Ins and NAA each were prepared. For protein phantoms, 1Â phosphate-buffered saline solutions of 8% bovine serum albumin (BSA) and 8% egg white albumin (EWA) were prepared. The weight percentage of the two protein phantoms was chosen to roughly match the protein weight fraction of the brain (19) . All solutions were doped with 0.1 mM of manganese chloride for shortening their T 1 and T 2 values (resulting T 1 % 1.3 s and T 2 % 125 ms for metabolite phantoms and T 1 % 0.9 s and T 2 % 71 ms for protein phantoms at 37 C). All chemicals were obtained from Sigma-Aldrich in St. Louis, MO. Prepared phantoms were transferred to plastic syringes (I.D.¼8.9 mm) for imaging study.
MR Measurements
APEXw and APTw images were measured at 37 C with the same pulse sequences and the same sequence parameters as in the animal studies. A square ROI was defined within the image boundary of each solution phantom. Then, APEXw and APTw values were averaged over all the voxels within each ROI.
Theoretical Analyses of the APEXw and APTw Signals
Brain ischemia induces changes in CE rate, labile proton concentration, R 1 , and R 2 which can all affect the observed APEXw and APTw signals. To gain a qualitative understanding of the dependences of APEXw and APTw on these four parameters, we analyzed a two-pool exchange model of a water proton pool exchanging with a second pool of dilute labile protons. For APEXw studies, theoretical description of off-resonance SL was described in detail previously (6, 8) . In short, the water magnetization after a SL pulse with duration s and frequency offset V from water is
where h is the angle between the external field and the effective SL field in the rotating frame. R 1r is given by (6,20)
where R 1 and R 2 are the longitudinal and transverse relaxation rates in the absence of CE and R ex is the contribution to the transverse relaxation rate from CE. In the case of dilute labile protons, i.e., asymmetric population limit, and also assuming R 2 ÀR 1 << k, R ex is
where d is the offset of labile proton resonance from water proton frequency, k is the APEX rate, x 1 ¼cB 1 , p b is the ratio of the labile proton and water proton concentrations, and V is the frequency of the SL pulse. If V¼d, R ex increases with decreasing k when k > v 1 and decreases with decreasing k when k < v 1 . The APEXw signal is equal to the difference of M SL at V of À2.5 and 2.5 ppm. The APTw signal can be derived from analytical solutions when the saturation pulse frequency (also denoted by V) satisfies V¼d (21, 22) , and is negligible when V6 ¼d for slow exchange. However, for fast exchanging protons such as amine protons, their line width is broad by CE, and these protons can be partly saturated by the saturation pulse even when V6 ¼d. In fact, it has been shown that at physiological pH values the CE signals from amine protons of glutamate (d¼3 ppm) can be detected within a wide RF offset range between about 0.5-5 ppm (8, 23) , which would contaminate the amide signal at 3.5 ppm. As the assumption of R 2 ÀR 1 << k in deriving Eq. [3] is not satisfied for in vivo APT studies at 9.4 T, we calculated the APTw signal with the numerical solution of the two-pool Bloch-McConnell equations (24, 25) . In particular, the contribution of amine protons to the APTw signal was calculated for V6 ¼d.
Theoretical curves of APEXw and APTw versus R 1 , R 2 , k, and p b were calculated. V, v 1 , and s were chosen to be the same as in the experiments: V¼6238 rad s À1 (¼2.5 ppm), x 1 ¼3142 rad s À1 (¼500 Hz), and s¼0.15 s for APEXw and V¼8797 rad s À1 (¼ 3.5 ppm), x 1 ¼396 rad s À1 (¼63 Hz), and s¼3 s for APTw. The labile proton offset was set to d¼3.0 ppm (from amine) or 3.5 ppm (from amide) for APTw calculations. Only d¼3.0 ppm was used for APEXw calculations, as our imaging parameters were tuned to intermediate exchange rates, and amide protons with slow exchange rates (e.g., 10-30 s À1 ) do not induce significant APEXw signal. For both APEXw and APTw analyses, the default R 1 , R 2 , and p b values were set to 0.5 s À1 , 25 s À1 , and 0.003, respectively. The default value k was set to 8000 s À1 for d¼3.0 ppm or 30 s À1 for d¼3.5 ppm, which are representative values for the amine and amide protons. The default values of R 1 and R 2 were chosen to match the in vivo values, and the default values of k and p b for APEXw were chosen such that the resulting APEXw roughly matches the measured value (12.6% of M 0 ) on the lesion hemisphere. For simplicity, R 1 and R 2 were assumed to be the same for both water and labile proton pools. One of the four parameters was varied and the remaining set to their default values to study the dependences of APEXw and APTw on that parameter. Figure 1 shows the ADC, APEXw, APTw, R 2 , and R 1 maps in three representative rats at 1 and 4 h after MCAO onset. The lesion size on ADC maps remained almost constant except in Rat #1, where a slight increase with time was observed. The APEXw maps showed hyperintensity in the lesion area as reported in our earlier study (6) . In most rats, the APEXw contrast decreased with time as can be seen in Figure 1 . The APTw maps showed darkening in the lesion area, consistent with earlier observations (1, 2, 6, 26) . No clear contrast between the lesion and neighboring tissues was present in the R 2 maps at 1-h postocclusion as commonly observed (2, 6) . At 4 h, the R 2 values in the lesion area slightly decreased, although lesion boundary still cannot be clearly defined. In rats #1 and #3, R 1 values were clearly reduced in the lesion areas even at 1 h. The reduction progressed with time and became more evident in all three rats at 4 h.
RESULTS
Ischemia-induced Changes in Imaging and Proton Spectroscopic Data
Representative proton MR spectra on the contralateral and lesion sides are shown in Figure 2 . The lactate peak The GABA peaks at $1.9 and $2.3 ppm were also more prominent on the lesion side compared to the contralateral side (red upward arrows). Furthermore, the NAA, Tau, and tCr peaks clearly decreased with time on the lesion side (green downward arrows). The LCModel model approach resulted in highly reproducible fitting results for all spectra. The simulated model spectra and a typical example of LCModel fitting results are shown in Figure 3 . Except for Lac on the contralateral side and Gln on both hemispheres, the other seven metabolites can be quantified with CRLB less than 25% in most cases.
Quantitative Time-Dependent Analysis of Normal and Ischemic Regions
Time-dependent changes of ROI-averaged imaging data are plotted in Figure 4 . ADC, APEXw, APTw, R 2 , and R 1 values did not change significantly with time on the contralateral side (one-way ANOVA; P>0.05). On the lesion side, ADC, APTw, and R 1 were reduced, whereas APEXw increased compared to the contralateral region. Contrast between normal and ischemic tissues is much higher in APEXw (3.161.1% of M 0 during the first period than APTw (1.860.5% of M 0 in the first hour), demonstrating that APEXw has much higher (P¼0.008; twosample t-test) detectability of ischemic regions as shown in Figure 1 . Over the 4.5-h time period, ADC decreased as well as R 1 , R 2 , and APEXw, whereas APTw remained similar. Interestingly, R 2 on the lesion side was slightly higher than on the contralateral side before 110 min (paired t-test, P¼1.6 Â 10 À4 ). The reduction of APEXw slowed down after $3 h.
Group-average metabolite concentrations are displayed in Figure 5 . Concentrations of lactate and GABA were higher on the lesion side compared with the contralateral side and did not change with time. In contrast, concentrations of Glu and Tau were significantly lower on the , and R 2 (e). An "x" mark indicates a significant difference of the first ischemic data point compared to the contralateral side (paired t-test; P<0.05 after Bonferroni correction). A "*" sign denotes significant difference between the means of the lesion and contralateral sides (paired t-test; P<0.05 after Bonferroni correction). A "D" mark denotes P<0.05 for a posteriori paired t-test when comparing the last two data points with the first data point when ANOVA reveals significant temporal dependence. Error bars denote standard deviations. The numbers in the parentheses below the x axes are the numbers of animals used for each result.
lesion side compared with the contralateral side at the 30-110 min after MACO (see "x" marks), and the concentrations of tCr, Glu, NAA (although not statistically significant), and Tau decreased with time (see "D" marks in Fig. 5 ). For Ins and PCho concentrations, no significant difference was found between the two hemispheres. The observed concentration changes are in general agreement with the literature (see Discussion for details). Figure 6 shows the theoretical curves of APTw and APEXw versus k, p b , R 2 , and R 1 . The APEXw versus k curve (red curve in Fig. 6a) Fig. 6a) , and amide protons with exchange rates less than $400 s À1 produce a reduction of APTw when k (i.e., pH) decreases (see black arrow). The contribution of amine protons with d¼3.0 ppm to the APTw signal is significant and the peak shifts to a higher exchange rate of 1260 s À1 (thin black curve). Therefore, for amine protons with exchange rates much higher than 1260 s À1 , the decreased exchange rate in ischemic conditions may result in an increase of the APTw signal.
Theoretical Results of APEXw and APTw
APEXw and APTw signals increase almost linearly with labile proton concentration (Fig. 6b) . APEXw is more sensitive to R 2 , but less sensitive to R 1 than APTw (Fig.  6c,d ). Because h % 27 and $2.6 in Eq. [2] for APEXw and APTw measurements, respectively, the effect of R 2 is quite significant on APEXw, but not on APTw signal (27) . When R 2 decreases from 27 to 24 s À1 , APEXw increases by 0.8% of M 0 and the APTw signal only decreases by 0.05% of M 0 with d¼3.0 ppm and by 0.15% with d¼3.5 ppm. Within the T 1 range (0.9-2.2 s) encountered in our phantom and animal experiments, the dependence of APEXw on T 1 is negligibly small, whereas the APTw dependence on T 1 is close to linear (Fig. 6d) . The deviation from a linear dependence is partly due to the relatively short saturation pulse used in our calculations. With saturation pulse duration of 3 s, the water magnetization does not have enough time to relax toward the steady state due to long T 1 values, thus reducing the APTw signal.
APEXw and APTw of pH-Dependent Phantoms
Both the APEXw and the APTw signals are sensitive to pH and labile proton concentrations. Amine protons are present in Cr, PCr, Glu, Gln, GABA, Tau, and the side-chains of lysine and arginine residues in proteins and peptides, whereas amide protons are present in NAA, Gln, and the backbones of proteins and peptides. To better understand the sources of the observed APEXw and APTw signal changes induced by ischemia, APEXw and APTw in phantom samples were measured at pH of 7.0 and 6.5 (Fig.  7a,b) . When the pH in ischemic regions was estimated from the measured Lac concentration from the formula: pH ¼ -0:0335½Lac þ 6:83 with [Lac] in units of mmol/g and valid for [Lac] between 5 and 30 mmol/g (28), pH¼6.160.2 using our measured [Lac] of 22.266.0 mmol/g at the first time point (similar at the other two time points since no significant [Lac] change with time). In earlier studies, pH values in the range of 6.1-6.8 have been reported in ischemic brain regions (1, (28) (29) (30) . The pH of 6.5 in our phantoms likely lies in the middle of the possible pH range of tissues under ischemic conditions. The two protein solutions had the largest APEXw values, but small (<7%) pH-induced relative changes at opposite directions. GABA and Glu solutions had the largest APEXw values among the metabolite phantoms and showed a large increase at pH¼6.5 compared to pH¼7, consistent with the slowdown of CE at a lower pH with k > v 1 ¼ 3142s À1 (see also red arrow in Fig. 6a ). For Gln, the APEXw was negligible (¼0.3%) at pH¼7 but increased to 2.2% at pH¼6.5, suggesting a higher exchange rate than GABA and Glu. The APEXw of the Tau solution was negligible (<0.5%) at both pH values, suggesting the exchange rates were too fast to be detected. The InsþNAA mixture solution without containing any amine protons had negligible APEXw (<0.5%) at both pH values. As the tCr solutions containing guanidine protons with relatively low exchange rates (700-1200 s À1 (31)), its APEXw signal is small compared to GABA and Glu, and its pH dependence is opposite to GABA and Glu.
Interestingly, the APTw signal showed a pattern across solution composition and pH similar to APEXw. The two protein samples had the largest APTw values, and their pH dependences were the same as for APEXw. Although no amide protons are present in Glu and GABA, large APTw signals were observed at pH¼6.5, indicating the effects of amine proton exchange on the APTw signal. The APTw values in NAA were negligible, despite the presence of amide protons, which might be explained by the fact that the resonance frequencies of the amide protons (3.1 ppm) is away from the 3.5-ppm saturation pulse frequency used in the APT experiment and their exchange rates are small (32) . The APTw signals in amine-containing metabolites Tau and tCr were very small, possibly due to their unfavorably fast and slow exchange rates, respectively. Gln contains both fastexchanging amine protons and slow-exchanging amide protons, and its APTw is negligible at pH¼7 but increases at pH¼6.5, suggesting negligible contribution from the amide protons at pH¼7, while the contributions from amine proton exchange might become important at lower pH. Negligible amide contribution to APTw in Gln is also consistent with the large difference of amide resonance frequency in Gln from the 3.5 ppm saturation pulse frequency (32) . Ins contains exchangeable protons from the hydroxyl group and does not contribute any significant APTw signal.
Neurometabolite Contributions to the In Vivo APT and APEX Contrast
Based on the phantom and theoretical results and assuming a pH of 6.5 in the ischemic region, the relative contributions of the different metabolites to the observed APEXw and APTw contrasts (DAPEXw and DAPTw) can be estimated as
where S is the measured APEXw or APTw value in the phantoms with 20 mM concentrations; the subscript denotes the pH; C ischemia and C control denote the metabolite concentrations (mM) on the lesion and contralateral sides, respectively; and f T1 and f T2 are correction terms for the T 1 and T 2 differences between phantoms and rats, respectively. The contributions of the metabolites to the observed DAPEXw and DAPTw during the 30-110 min period are given in Figure 7c ,d, respectively. The f T1 and f T2 factors were estimated based on the theoretical results in Figure 6 . Figure 7c ,d. Even in this case, GABA and Glu are still major contributors to DAPEXw. The estimated contribution of GABA is maximal among the metabolites for both DAPEXw and DAPTw. The large GABA contribution is due both to the increased GABA concentration and pH reduction in the ischemic region. The sign of the metabolite DAPTw is opposite to the observed in vivo DAPTw, suggesting that the true DAPTw due to amide-proton exchanges is larger than the observed in vivo value of 1.861.2%.
DISCUSSION
Sensitivities of the APEX and APT for Stroke Imaging
Several CE-sensitive MR techniques have been investigated for early detection of ischemic brain tissues in rat MCAO models, including SL and CEST techniques. With adiabatic SL pulses (effectively a mixture of on-and offresonance conditions), R 1r in the ischemic region is lower than in the nonlesion tissues and the difference increased from $9% to $13% between 60 and 150 min after the onset of MCAO with a mean SL pulse power of 2550 Hz at 4.7 T (28). Similar R 1r contrast was observed under on-resonance condition using a constant SL pulse of 3.4 kHz B 1 field (37) . The image contrast is approximately equal to tDR 1r exp Àt Á R 1r À Á , where s is the SL time, R 1r is the mean R 1r value in ischemic and nonlesion tissues and DR 1r is their difference. The contrast is maximized when R 1r t ¼ 1 and is equal to DR 1r = R 1r e À1 . In Ref. 28 , R 1r ¼ 11:9 s À1 and DR 1r ¼ 1:1 s À1 at 60 min post-MCAO, resulting in a maximal image contrast between the ischemic and nonlesion tissues of 3.3% of M 0 . In this study, the off-resonance SL-based APEX technique has a contrast of 3.161.1% of M 0 during the first hour, which is similar to on-resonance SL contrasts, while its RF power is much smaller than in the earlier on-resonance and adiabatic SL studies (0.5 kHz vs. 2.5-3.4 kHz).
Earlier APT studies have reported lesion contrasts of 1.8-2.1% in rat MCAO models at 4.7 and 9.4 T (1,26,38) . In this study, the APTw contrast is 1.861.2% (mean6STD) of M 0 during the first period, consistent with the earlier studies. The APEXw contrast of 3.161.1% of M 0 during the first period corresponds to a large sensitivity increase compared to the APTw contrast. The positive contrast of the APEXw signal in the ischemic regions is preferable over the negative APTw contrast for stroke lesion detection, because lesions can be more easily distinguished from dark background in positive contrast images. Furthermore, the APEXw signal is much less contaminated by the MT asymmetry from semisolid macromolecules and nuclear Overhauser effects compared to the APTw contrast, because the MT asymmetry and nuclear Overhauser effects are typically maximized with long and weak saturation pulses, and their effects should be minimal with a short SL pulse of 150 ms (26) .
Comparison with Spectroscopy Literature
Increase of Lac concentration following brain ischemia is well established (39) (40) (41) (42) (43) (44) (45) (46) (47) . Within the first few hours after permanent MCAO onset, the Lac concentration either gradually increased or quickly reached a plateau within the first hour (40, 42, 43, 48, 49) . Brain ischemia was found to stimulate GABA synthesis and inhibit GABA breakdown, resulting in an increase of GABA concentration (39, 50, 51) , consistent with our finding.
We observed reduction of concentrations of NAA and total creatine (tCr) in the lesion area within $4.5 h after MCAO onset. Reduction in NAA concentration has been widely reported in rat and human brains under ischemic conditions (40) (41) (42) (43) (52) (53) (54) (55) (56) (57) (58) (59) . A 30-70% decrease of total creatine concentration within a few hours of permanent MCAO onset has been reported in the literature, comparable to our result (35615% at $4 h) (42, 45, 46) . MCAO also resulted in reductions of Glu and Tau concentrations, consistent with earlier findings (50, (60) (61) (62) . The Gln concentration was also reduced in our study, which is consistent with earlier measurements performed 24 or 36 h after onset of permanent MCAO (47, 62) . However, (60) and (61) observed 70-100% increase of Gln concentration at 3-8 h after ischemia onset in rats subjected to 30 min transient ischemia. Increased glutamine after reperfusion may be explained by the recovered function of Glu to Gln conversion in glial cells.
It is well known that water content increases in ischemic brain tissues (18, 63, 64) , which will impact quantification of metabolite concentrations. Striatum water contents of 77 and 79% have been reported in the contralateral and ipsilateral hemisphere, respectively, 2 h 15 min after MCAO in rats (18) . In Ref. 63 , water content in ischemic tissue gradually increased with time and was 2.3% (absolute change) higher than control animals at 4 h after MCAO. We assumed constant water content of 79% when calculating the metabolite concentrations on the lesion side, which would slightly under-estimate the concentrations at later time points compared to the earlier time points. However, we note that the observed gradual concentration reduction of Cr, Glu, and Tau were not solely due to the increase of water content with time since significant reduction with time were still observed even when assuming a linear increase of water content from 77% after MCAO onset at 1% per hour. Table 1 summarizes metabolite concentrations and compares them with literature values measured also in rats with localized spectroscopy. As the STEAM voxels mostly covered the striatum and lower parietal cortex, only literature values for the striatum and the cortex are included in the table. Most of our concentration values lie within the range reported in the literature except for Glu and GABA. Our values for Glu and GABA appear higher (25616% for Glu and 65643% for GABA) than the upper limits of the earlier in vivo studies (33) (34) (35) (36) , although similar Glu and GABA concentrations as ours have been reported in MRS and liquid chromatography studies on extracted brain tissues (50, 65) .
Signal Sources of the APEXw Contrast
According to Eq. [3] , under our experimental conditions the APEXw signal is most sensitive to labile protons with chemical shift of 2.5 ppm from water and with an exchange rate of 3140 s À1 . The amine protons have chemical shifts in the range of 2-3 ppm and have a range of exchange rates ($700-10,000 s À1 ) under physiological conditions (pH¼7.0 and temperature¼37 C) (31, 66) .
Thus, the experimental conditions for the APEXw measurement were well tuned to the fast amine proton exchange processes. In vivo APEXw value was 9.560.5% of M 0 on the contralateral side. Based on our phantom study, GABA and Glu would contribute $1.1% and $2.5% of M 0 to APEXw, respectively, at pH¼7.0 and at concentrations same as measured on the nonlesion hemisphere ($4.8 and 17.5 mM, respectively, assuming metabolites are all dissolved in water, a brain density of 1 g/ml, and a brain water content of 79%), although it is likely that the in vivo APEXw due to metabolites are different from the values in the phantoms at the same pH due to the dependence of CE rate on catalyzing-ion concentrations (31) . Nevertheless, the small estimated GABA and Glu contributions indicate that the in vivo APEXw signal cannot be explained solely by contributions from metabolites, meaning proteins likely have large contributions to the observed in vivo APEXw.
Although the neurometabolites in the brain have small contributions to the APEXw signal relative to proteins at normal tissues, their relative contributions to DAPEXw (the APEXw contrast of ischemia) might be much larger (see Fig. 7c ). The BSA and EWA phantoms show weak and opposite dependences on pH (Fig. 7a) , suggesting that the protein contribution to APEXw might not be very sensitive to pH, so that the relative protein contributions to the DAPEXw is much smaller than to APEXw. The weak pH dependence of APEXw can arise in case of a broad distribution of amine proton exchange rates in proteins (67) . We note that the initial R 2 increase of $1 s À1 in the ischemia regions cannot explain the observed initial positive DAPEXw either. From the theoretical analysis, the initial R 2 increase would decrease APEXw by 0.4% of M 0 (Fig. 6c) , opposite to and much smaller than the observed positive DAPEXw of 3.1% of M 0 .
Recently, based on CEST studies attempting to image glutamate concentrations (GluCEST) in the brain (23) , the contrast between stroke and nonlesion rat brain regions was minimal at 1 h after MCAO onset and increased between 1 and 5 h of MCAO onset. As the GluCEST has a GABA contribution of only $20% of the Glu contribution under normal physiological conditions, Cai et al. attributed the increase of the positive CEST contrast to an elevated glutamate CEST signal in the ischemic tissues because of lower pH (23) . Despite differences in saturation pulse parameters (cB 1 /2p¼155 Hz, duration¼1 s, offset¼3.0 ppm vs. 500 Hz, 0.15 s and 2.5 ppm in our studies), the saturation pulse lied within the sensitive spectral window of the amine protons, thus CEST effects due to APEX should be present. However, findings of Ref. 23 are quite different from our APEX data in two folds. (1) The different temporal characteristics may be explained by variations of MCAO models. In our study, the lactate concentration increased rapidly following MCAO and remained constant over time, similar to some earlier studies (42, 48) . However, other studies have observed interanimal variations of the evolution patterns including a gradual increase of lactate concentration within the first few hours of MCAO in some animals (40, 43) . (2) In our case, the GABA contribution to DAPEXw is larger than the Glu contribution due to increased GABA concentration and decreased Glu concentration, in addition to the rapid elevation of lactate content in the first hour. Thus, to interpret the sources of CE-sensitive ischemic contrast, measurements of metabolite concentrations should be necessary.
A gradual reduction of DAPEXw with time was observed ($0.7 % of M 0 in 3 h) (Figs. 1 and 4b ), in contrast to a relatively stable DAPTw. During rat MCAO, a decrease of on-resonance R 1 r (increase of T 1 r) over time has been reported (37), which may be able to indicate the onset time of ischemia (5) . Further study is necessary to investigate whether the decrease of APEXw signal and on-resonance R 1 r has similar origins. In our case, the change of DAPEXw can be mainly attributed to the reduction of Glu and possibly protein concentrations, as Lac and GABA concentrations were nearly constant during the experiment. Constant Lac concentration suggests a constant pH because of the linear relationship between them (28), although dissociation between dynamically changing pH and Lac concentration has been observed during ischemia (49, 68) . Therefore, the pH was most likely constant during our experiments. A reduction of Glu concentration by 2.9 mM was observed in our spectroscopic study during the experiments. According to the phantom results at pH¼6.5 with consideration of different R 2 , this would result in a reduction of in vivo APEXw by $0.7% of M 0 . A possible decrease in the concentration of proteins may also contribute to the reduction of DAPEXw over time; an increase of water content from 77 to 79% would result in the reduction in the concentration of other chemical components from 23 to 21%, which corresponds to 11% ¼ 1 À 21 Â 77= ð 79 Â 23 ð Þ Þ reduction in their ratio to water. Due to the large protein contribution to the baseline APEXw signal, an 11% reduction in protein concentration can contribute 0.5-1% of M 0 to the reduction in APEXw. The reduction of APEXw appeared to slow down after the second time point (Fig. 4b) . One possible explanation is the effect of R 2 change on APEXw. In our MCAO study, R 2 decreased from 26.860.8 s À1 to 24.461.8 s À1 between the first and the third time points (Fig. 4e) , and our theoretical results suggest that this can result in a significant increase of APEXw (Fig. 6c) . However, we note that the measured transverse relaxation rate contains the exchange contribution R ex , which should not be included in the R 2 in Eq. [2] and Figure 6c . The reduction of the intrinsic R 2 excluding the exchange contribution might be slightly smaller than observed in Figure 4e .
Signal Sources of the APTw Contrast
Ability of a CE technique for measuring one type of labile proton is closely related to its exchange rate (6, 8) . For example, for amine of Glu at 3 ppm with an exchange rate of !5000 s À1 , the peak of R ex versus offset frequency is very broad, and the variation of R ex is less than 7% within the V¼2.5-3.5 ppm range (Eq. [3] ). Therefore, the fast APEX will likely contaminate the measurement of APTw at 3.5 ppm. Our phantom and theoretical results suggest that the observed negative DAPTw in ischemic brain regions is a combined effect of at least two contributions: the faster APEX in GABA, Glu, proteins, and peptides (DAPTw amine ), and the slower amide-proton transfer (DAPTw amide ). Due to the much faster rate of the APEX, GABA and Glu have positive DAPTw amine (Fig. 7d) with reduced pH. Therefore, the contribution of APEX increases the positive baseline APTw signal and reduces the measured negative in vivo DAPTw.
In addition to metabolites, APEX effect from proteins also can affect APTw. In the protein phantoms, both amine and amide protons are present, and the contamination of the APT signal will be mainly due to the amine group of the lysine residues with an exchange rate close to 4000 s À1 (31) . The different pH dependence of the APTw signals for BSA and EWA phantoms can be attributed to the competition between DAPTw amine and DAPTw amide . In BSA which has a high lysine content (12.82% weight fraction) (69) , DAPTw amine may be dominant over DAPTw amide , therefore a positive DAPTw is observed for a pH change from 7 to 6.5. In EWA, DAPTw amide may be larger than DAPTw amine ; therefore, a negative change of APTw signal is observed. In ovalbumin, the main protein found in EWA, the lysine content is only 5.0% molar fraction (70) in support of our observation.
The APTw did not significantly change with time during the experiment. To explain the APTw time course, we first note that pH in the lesion regions remained constant, because no lactate concentration change was observed. Besides its strong dependence on pH, the APT signal is proportional to the ratio of labile proton to water concentrations. As discussed earlier, an increase of water content would result in 10% reduction in amine and amide concentrations and would decrease DAPTw amine and DAPTw amide during the first few hours after MCAO onset. However, the decreases in DAPT amine and DAPT amide due to concentration changes might be offset by lengthening T 1 [by 8% between 1 and 4 h (Fig.  3d) ] which increases the APTw signal, resulting in almost constant APT time course in our study.
Limitations of Signal Source Study
The APEXw and APTw contributions from neurometabolite estimated based on our phosphate-buffered saline solutions and spectroscopy results are likely different from their true contributions in the brain. First, the CE rates of APEX and APT processes depend not only on temperature and pH but also on the concentrations of exchange catalysts other than proton and hydroxide. The concentrations of those exchange catalysts are likely different between the brain and phosphate-buffered saline solution used in our phantoms. Second, there are a wide variety of proteins in the brain, and they may have very different amino acid compositions than BSA and EWA. They also have different degree of cross-link, folding, and only some of the proteins in the brain are in mobile form and the others form semisolids with very short T 2 values. The amine protons associated with those immobile proteins have very broad line width and thus their contributions to the APEXw and APTw signal could be greatly reduced. Third, semisolid MT effect and nuclear Overhauser effects (26) are very small in phantoms. In brain, these effects may significantly reduce the APTw and APEXw amplitudes. Fourth, a pH of 6.5 was used for our low pH phantoms. However, the in vivo pH values in the ischemic tissues are likely different and also spatially heterogeneous and may vary from animal to animal. Last, the Glu and GABA concentrations might be overestimated according to the literature values (33) (34) (35) (36) . The reason for the discrepancy is unclear. However, even after scaling our Glu and GABA concentrations to match the mean literature values, the neurometabolite contributions are still significant relative to the observed in vivo DAPEXw and DAPTw and the relative contribution of GABA and Glu to DAPEXw remains similar (See Fig. 7c,d ). Due to the above uncertainties, the results from the phantom study should only be applied in a qualitative manner to understand the in vivo sources of the APTw and APEXw signals.
CONCLUSIONS
The APEX can be imaged using the off-resonance SL or CEST techniques, and the APEXw signal has a higher sensitivity than APTw for detecting ischemic brain tissue. At normal pH (pH¼7.0), mobile protein/peptide has the largest contribution to the APEX signal. At reduced pH under ischemic conditions, contributions from neurotransmitters GABA and Glu increase and might become important sources of the observed initial hyperintensity in ischemic regions in the APEXw maps. The APTw signal has contributions from the well-known amide-proton exchange as well as from the faster APEX; the latter increases baseline APTw signal and may reduce the APTw contrast for ischemic tissues. Such contamination is dependent on the irradiation pulse parameters and may also be dependent on the B 0 field strength. In contrast to a constant APTw signal time course, a reduction of the APEXw signal with time is observed, suggesting a high sensitivity of the APEXw contrast to biomolecular concentration changes. It should be emphasized that when neuropathological conditions change pH, metabolite, and protein concentrations; physiological interpretation of APTw and APEXw contrasts is complex and requires caution.
H rf during each segment. The evolution of the density matrix (r) under a constant Hamiltonian is
where H i is the Hamiltonian from time t i21 to t i and Dt i ¼ t i À t iÀ1 . The evolution of the density matrix from the initial thermal equilibrium value can thus be calculated for the entire pulse sequence using Eq. [A1-A4] without numerical integration. In our program, all spin operators, the Hamiltonians, and r are represented by 2 n Â2 n matrices in the Hilbert space formed by the eigenvectors of I i,z , where n is the number of observable protons in the metabolite.
The spatial-encoding gradients were not simulated. Their effect is equivalent to shifting the frequencies of the RF pulses which does not affect the shape of the simulated spectrum as long as all resonance frequencies are still within the selective band of the RF pulses. In contrast, the crusher gradients cannot be ignored in order to preserve only the experimentally relevant coherence transfer pathway. Their effects can be simulated by calculating r evolution with a large set of Lt values, where s is the duration of H g , and then taking the average over all results (72) . Such an approach is time-consuming and complete removal of unwanted coherences is not guaranteed. However, since all unwanted coherences in the resulting r depend on Lt as sin 4pLt þ w ð Þfor crushing gradients applied during the first and third TE/2 periods, it is sufficient to run the simulation twice at two Lt values which differ by 1/4 and sum over the results to remove those coherences. We note that a similar approach was taken in Ref. 73 ; however, four consecutive Lt values were used with steps of 1/4, resulting in doubling of computing time. The crusher gradient during the mixing time (TM) period can be simulated in a similar way. Now the dependence becomes a 1 sin 4pLt þ w 1 ð Þþa 2 sin 2pLt þ w 2 ð Þ , as both single-and double-quantum coherences are nonzero during the TM period. Therefore, the simulation needs to be run at four Lt values with steps of 1/4 to cancel all the oscillating terms. Alternatively, the effect of the crusher gradients during the TM period can be simulated by simply setting the matrix elements in r that corresponds to single or higher-order quantum coherences to zero (73) . Both approaches were tested and found to give identical results. In the final implementation, the second approach was taken to reduce computation time by a factor of 4.
The final NMR signal was calculated as
where l¼1, 2, 3,. . ., sw (¼ 4000 Hz) is the spectral width in the experiment, and the exponential term with R 2 * ¼25 s
À1
simulates line broadening (full width at half maximum¼8 Hz) due to apparent transverse relaxation. Additional broadening needed to match the real experimental condition was determined during LCModel fitting. The T 1 and T 2 relaxation effects were not simulated because T 1 >> TEþTM and T 2 >> TE in our measurements. For all simulated metabolite and water signals, the signal amplitude |S(1)| is proportional to the number of protons n.
